Background. Campylobacter species cause a high proportion of bacterial gastroenteritis cases and are a significant burden on health care systems and economies worldwide; however, the relative contributions of the various possible sources of infection in humans are unclear.
estimated 2.5 million cases in the United States and
1340,000 cases in the United Kingdom each year [3, 4] , which is 13 times the number of cases caused by Salmonella, Escherichia coli O157:H7, and Listeria monocytogenes combined [5] . The estimated annual economic burden of Campylobacter infection is £500 million in the United Kingdom [6] and $8 billion in the United States [7] , but despite its significance as a public health problem, the relative contributions of different sources of infection to the human disease burden remain uncertain.
Many species of wild and farm animals, particularly birds, carry Campylobacter species as part of their gut microbiota, and contamination of human food can occur at any point from the farm to the consumer. Potential sources of human infection include contaminated meat, poultry, water, and milk and contact with animals [8] . Analytical epidemiology methods, includ- ing risk assessment and case-control studies, provide some indirect evidence for the origin of disease, but because the majority of human Campylobacter infections are sporadic with very few recognized outbreaks that indicate a common infection source [9, 10] , these approaches are incomplete. Because interventions for controlling Campylobacter transmission are costly and implementation requires consideration of cost-effectiveness, the uncertainty regarding the sources of human infection has inhibited effective public health intervention by government agencies and industry.
Molecular typing has enhanced many epidemiological studies, including the identification of food-borne outbreaks of infection due to E. coli O157:H7 [11] , Salmonella enterica [12] , Campylobacter [13] , and L. monocytogenes [14] ; early identification of an outbreak source enables effective disease containment [14, 15] . Recent advances in bacterial genetic typing and analysis provide the opportunity to determine the origin of Campylobacter isolates obtained from patients on the basis of their genotypes, because there is sufficient genetic variation within the bacterial population to define host or source-associated genotypes [16] . In this study, we used multilocus sequence typing (MLST) [17] , which has several advantages over other microbial typing schemes such as serotyping, PFGE, and flaA typing [18] [19] [20] . Because it is based on nucleotide sequence, MLST is inherently reproducible, scalable, and portable between laboratories, with data readily shared via the Internet [21] .
We addressed the sources of campylobacteriosis in industrialized countries as part of the national Campylobacter MLST Project in Scotland (CaMPS), which included a comprehensive survey of isolates from all confirmed cases of human campylobacteriosis in Scotland during a 15-month period (from midJuly 2005 through mid-October 2006). To attribute isolates to a source, 4 important resources were exploited: (1) a standardized MLST genotyping protocol, (2) a national-scale contemporaneous comparison data set of MLST genotypes from potential disease sources in Scotland, (3) a substantial data archive of MLST genotypes from other sources and locations, and (4) model-based statistical methods that allow quantitative estimation of the genetic attribution of disease to source.
METHODS

Clinical isolates.
Clinical samples were collected from July 2005 through September 2006 (figure 1), comprising a comprehensive survey of clinical isolates from all 28 diagnostic laboratories in the 15 health board regions in Scotland. Campylobacter isolates were cultured from human stool samples on selective media following microaerophilic (5% O 2 ) incubation, and colony sweeps were submitted to the University of Aberdeen (Aberdeen, United Kingdom) on charcoal transport swabs. Isolates were given a unique identifier code, and sample information was entered into an Access (Microsoft) database. Bacterial isolates were incubated at 37ЊC, subcultured on mCCDA media (CM0739; Oxoid), and divided for DNA extraction and archiving at Ϫ70ЊC.
Environmental isolates. Structured environmental sampling was conducted throughout the study period at 3 urban (Aberdeen, Edinburgh, and Glasgow) and 2 rural (northeast and southwest) locations. Rural farms with livestock were chosen randomly from each postal sector, and urban sampling focused on areas where animal feces coincided with human activity (e.g., parks). Sampled food (i.e., chicken, pate, and liver) was obtained from retail outlets. Approximately 100-g fecal samples were collected for each animal group, and moistened sterile swabs were used to collect smaller fecal specimens (e.g., from wild birds). Meat specimens were incubated in enrichment broth for 1 h before subculture. Sample information, including source species-the only information used in this study-was recorded. Fecal (10 g) and swab samples were homogenized (1:10) in Campylobacter enrichment broth [22] and incubated at 37ЊC for 5 days in 5% horse blood plus growth supplement (Mast Selectavial SV61), amphotericin (2 mg/mL), cefoperazone (15 mg/mL), and trimethoprim (10 mg/mL). Polymixin B (2500 IU/L) and rifampicin (5 mg/mL) were added to the broth after 7 h. Samples (0.1 mL) of enrichment broth were plated on CCDA (CM0739; Oxoid) and incubated in microaerobic conditions at 37ЊC. Colonies were enumerated and presumptively identified to be Campylobacter with microscopy (Gram stain) and agglutination (Microscreen latex; Microgen), and single colonies were stored at Ϫ80ЊC in nutrient broth with 15% glycerol.
Genotyping. DNA was prepared from a heat-killed cell suspension with use of the Chelex resin method (Bio-Rad), according to the manufacturer's instructions. Template DNA was arrayed in 96-well polypropylene plates (Abgene), and 7-locus MLST was performed using standard methods and primers published elsewhere [22, 23] . Sequence extension reaction products were separated and detected with an ABI Prism 3730 automated DNA sequencer (Applied Biosystems). Forward and reverse sequences were assembled from the resultant chromatograms with use of the STADEN suite of computer programs [24] . Consensus sequences for each gene conferred a 7-locus sequence type (ST) and were concatenated (a total of 3309 bp) to give a genotype. A study-specific isolate database was developed using mlstdbNet software [25] .
Data Analysis. To assess evidence for the presence or absence of genetic structuring by geography, the MLST genotype composition across the health board regions was assessed using the exact test of population differentiation in the ARLEQUIN software package [26] ; the test was run with 100,000 Markov chain steps and 100,000 dememorization steps. The 3 island health boards were excluded because of the low number of clinical cases of campylobacteriosis in these regions. Specifically, the number of cases in Orkney (19) , Shetland (24) , and the Western Isles (9) was lower than the regional mean number of cases (379) and lower than the number of cases in the region with the lowest incidence, Argyll and Clyde (132). Therefore, estimates for regional differentiation in ST composition were more accurate if the island regions were excluded.
Different Campylobacter sources harbored different STs; for example, ST-257 and ST-61 were particularly common in chicken and cattle, respectively. Although there is overlap, the association of different STs with particular host sources [16] makes it possible to quantitatively estimate the source of human infection. Two genetic attribution models were used for formal probabilistic assignment of human isolates to the putative origin populations. The first, the no admixture model in STRUC-TURE [27] , determined population structure from genetic data and assigned individual isolates in the test set of human isolates independently to a source with use of the training set. The second, the asymmetric island model [28] , combined information regarding population structure across all of the isolates in the test set to estimate the overall proportion of isolates attributable to each source.
The attribution methods were validated to determine the limitations of the attribution discrimination achievable with a 7-locus genetic profile. This was performed by calculating the probability of a randomly selected subset of each host species being assigned to the correct population of origin. In each case, 50% of the genotypes from each host source were removed and compared with all the remaining genotypes, and the assignment probability to each source was calculated. Probabilistic assignment in STRUCTURE was performed using the no admixture model with 10,000 burn-in iterations and with 10,000 subsequent iterations. For each analysis, assignment of isolate sources was performed on the basis of a training set of isolates. In STRUCTURE, these were distinguished from the test data with use of the USEPOPINFO flag. After calibration of the models, clinical C. jejuni and C. coli isolates for which complete 7-locus genotype data were available were assigned to putative sources by comparison to data sets comprising all the contemporaneous host and environmental and food isolate genotype data augmented with archive data sets of 2420 isolates from published sources [16, [29] [30] [31] 
RESULTS
From mid-July 2005 through mid-October 2006, 5674 isolates were obtained from confirmed clinical cases of campylobacteriosis from diagnostic bacteriology laboratories in all hospitals reporting Campylobacter cases in the 15 National Health Service Scotland Health Boards. Of these, 427 isolates were excluded because they were mixed cultures, gave incomplete typing results, were successive samples from the same patient, or represented species other than C. coli or C. jejuni. Most (90.4%) of the clinical isolates were C. jejuni, and the remaining 9.6% were C. coli. A total of 999 environmental isolates from potential sources of human infection (i.e., cattle, chickens, wild birds, environment, sheep, and swine) were successfully typed with use of MLST. These were combined with data from other studies to give a total comparison data set including 3419 environmental isolates. With regard to MLST results, the clinical isolates of both Campylobacter species were diverse, with 501 STs found among C. jejuni isolates and 108 STs found among C. coli isolates. , by P p .284 ARLEQUIN exact test of population differentiation) [26] .
The source attribution models were tested with isolates that had a known source. Self-assignment was carried out on random subsets of the comparison data sets for all animal source populations. Assignment of 50% of C. jejuni isolates to a host source based on a reduced training set with use of STRUCTURE gave self-assignment probabilities of 70% for chicken, 84% for ruminant, 54% for wild bird, and 38% for environmental isolates. The asymmetric island model consistently provided a greater probability of assignment to the correct source with self-assignment probabilities of 97% for chicken, 98% for ruminant, 77% for wild bird, and 62% for environmental isolates.
The assignment probability for each potential source was calculated for each clinical isolate individually (figure 2), and the percentage of all clinical isolates attributed to each source was calculated as the sum of these probabilities ( figure 3) . The clinical C. jejuni isolates were attributed to sources according to the STRUCTURE analysis as follows: chickens, 58%; ruminants, 38%; and wild birds and environment, 4%. The sources of isolates were similar according to the asymmetric island model: chickens, 78%; ruminants, 18%; and wild birds and environment, 4%. The clinical C. coli isolates were attributed to sources as follows: chickens, 40%; sheep, 40%; cattle, 14%; pigs, 6%; and turkey, !1%. These isolates were attributed to sources according to the asymmetric island model as follows: chickens, 56%; sheep, 40%; cattle, 2%; pigs, !1%; and turkeys, !1% (figure 3).
DISCUSSION
A national-scale high-throughput molecular typing approach was employed to quantify the contributions of different sources of human Campylobacter infection in Scotland. Attributing clinical isolates to sources of infection is efficient when different sources harbor strains with characteristic genotypes. Partially clonal bacteria such as Campylobacter species have genetic diversity in the housekeeping genes that form the basis of MLST systems [17, 32] . The different categories of hosts and sources had genetic coherence sufficient to outweigh temporal or spatial variation in sample type, which allowed the attribution of isolates to specific sources [16] .
Molecular typing has previously been used to infer the source of campylobacteriosis, and overlap in the genotypes of Campylobacter species present in humans and chickens has been demonstrated [33] [34] [35] . To progress beyond this qualitative observation, formal statistical attribution was employed with use of 2 models, to ensure that conclusions were independent of methodological bias. In self-attribution model-validation tests, STRUCTURE consistently gave a lower probability and the asymmetric island model provided a greater probability of correct assignment of an isolate to origin. There were 2 differences in the models that account for the improved estimation of source by the asymmetric island model. The first was that the asymmetric island model allows loci to be linked by modelling bacterial recombination explicitly, compared with STRUC-TURE, which models linkage disequilibrium caused by admixture and assumes that loci are unlinked in the source populations. The second difference involved a hyper-parameter, F, that was used to share information about source across all cases. By directly parameterizing the quantity of interest (the pro- D) was determined using STRUCTURE and asymmetric island attribution models. Sequence types of disease-causing C. jejuni and C. coli were compared with data sets with isolates from cattle, chicken, and sheep. In addition, C. jejuni was compared with wild bird and environmental data sets and C. coli was compared with swine and turkey data sets. In each diagram, 5 equal-sized columns would be expected in the absence of any genetic differentiation by host species.
portion of cases attributable to each source), we exploited information more efficiently and source estimation became more accurate. Although the attribution statistics are different between the 2 models, the results are consistent, which enhances the robustness of the conclusion that chicken is the principal source of human disease.
Chickens were the dominant source of campylobacteriosis in Scotland in [2005] [2006] . Using the asymmetric island model, which was more accurate in the self-assignment tests, genotypes associated with human disease were most similar to those from chicken sources in 78% of cases of C. jejuni and 56% of C. coli infection. Thus, 76% of the cases of campylobacteriosis in Scotland could be attributed to consumption of contaminated chicken. Cattle and sheep, representing a single C. jejuni gene pool [16] , contributed far fewer cases of C. jejuni infection (!20%), and the contribution from wild bird and environment sources was low (!4% of cases).
The data set that was used to represent sources of human infection did not include all possible sources of Campylobacter infection; however, it did represent a diverse range of sources, with the main types of known food animal sources included alongside isolates from wild birds and the environment. Unless an omitted source harbored genotypes that were very similar to those genotypes found in chickens, the impact of any excluded sources on the main finding of the proportion of infection attributable to a chicken origin is likely to have been very small. Because the study included isolates from ruminants, which were more similar to isolates from chickens than were those that have been typed from other sources [36] , this was unlikely. One possible disease source for which subtype distribution is poorly characterized is companion animals, especially cats and dogs. Although these have been implicated as a risk factor in Campylobacter infection, their contribution appears to be small [8] , they do not represent a reservoir, and their sources of infection may overlap those of humans. Thus, even if companion animals sometimes act as part of the chain of transmission to humans, their infection may have originated in a reservoir source, and the absence of companion animal reference populations in this study will have resulted in the attribution of such infections to the more distant reservoir source.
The high attribution of human disease isolates to a chicken source was consistent with previous studies. Contaminated poultry meat has been associated with disease by risk assessment [37] , outbreak investigation [9, 10] , and analytical epidemiology studies of sporadic cases [8] . In a review of analytical studies, chicken consumption was the most commonly identified risk factor for campylobacteriosis [8] ; however, all of these approaches have substantial difficulties in obtaining an unbiased estimate of the proportion of human disease that is transmitted from chicken sources [38] . A unique opportunity to assess the contribution of chicken quantitatively was presented by the "dioxin crisis" in Belgium in 1999, which led the authorities to remove all domestically produced poultry products from sale. This comprised approximately one-half of the poultry available at retail, with imported meat remaining available. There was a 40% reduction in the incidence of human campylobacteriosis after this withdrawal [39] , consistent with the estimate reported here. The exploitation of this event was valuable in providing an estimate of the contribution of chicken meat to disease; however, ongoing monitoring of the contribution of chicken sources to human disease in the countries where campylobacteriosis remains a problem is central to the development and evaluation of effective control measures, which cannot rely on data that is only opportunistically available.
The molecular typing and statistical genetic approaches employed here provide a means of routine monitoring of the transmission of Campylobacter species and other bacteria from chicken meat and other sources to humans. The model-based molecular attribution of campylobacteriosis in Scotland is, therefore, of widespread applicability. It provides a means of evaluating interventions aimed at the prevention of disease transmission through the food chain from farms to retail outlets to final consumption. This capacity to monitor the key intended outcome of interventions, such as reduction of infection on the farm, changes to slaughtering procedures, and population education [40] , will support progress to evidence-based disease control programs.
